Mycoplasma penetrans is a newly isolated Mollicute from the urine of patients infected with human immunodeficiency virus that demonstrates the capacity to adhere to and invade human cells. A previous report, based on assays with mouse red blood cells (RBCs), indicated that M. penetrans lacked hemolytic activity. In our studies, we incubated different isolates of M. penetrans with various RBC species and observed hemolytic zones surrounding individual mycoplasma colonies. All M. penetrans strains displayed hemolysis after 2 to 3 days of incubation. Hemolytic activity diffused from single colonies, eventually causing complete lysis. Hemolysis was most pronounced with sheep RBCs, followed by horse, chicken, and human cells. Furthermore, hemolytic activity was demonstrable in both intact mycoplasma cell preparations and spent culture supernatant. However, unlike intact mycoplasmas, the hemolytic activity in the supernatant was dependent on the reducing agent, cysteine. In addition to hemolysis, a brown precipitate was closely associated with mycoplasma colonies, suggesting oxidation of hemoglobin. Absorption spectra indicated that hemoglobin was oxidized to methemoglobin, and the addition of catalase demonstrated H 2 O 2 -mediated hemoxidation. Other experiments suggested that hemoxidation enhanced total hemolysis, providing the first evidence of both hemolytic and hemoxidative activities in M. penetrans.
Mycoplasmas, members of the cell wall-less Mollicutes and considered among the smallest self-replicating cells, have been detected in a wide range of hosts, including humans, other vertebrates, invertebrates, and plants (2, 19, 20, 27) . In previous studies of pathogenic mycoplasmas, hemadsorption and cytadherence activities were closely associated with virulence potential (2, 30) . For example, hydrogen peroxide-mediated and membrane-associated hemolytic activities have been found in numerous Mycoplasma species (15, 24, 30) , and analysis of mycoplasma genomic sequences revealed the presence of a hemolysin-like gene (VXpSPT7_orf424) in Mycoplasma pneumoniae (13) and a homologous gene (MG146) in Mycoplasma genitalium (10) . It is well known that bacterial hemolysins lyse erythrocytes (RBCs) and a variety of other cell types, including mast cells, neutrophils, and polymorphonuclear cells, which enables hemolytic microorganisms to directly damage host tissues as well as induce inflammatory responses (5) . However, a new species, Mycoplasma penetrans, which was isolated from the urine of patients infected with human immunodeficiency virus (22) , was shown to actively invade mammalian cells in culture (21) and cause cytopathology in experimentally infected chicken embryos (12) but lack hemolytic activity (24) . In this report we describe hemolytic activity in all isolates of M. penetrans and show that H 2 O 2 -mediated hemoxidative activity contributes to total mycoplasma-mediated hemolysis.
MATERIALS AND METHODS
Bacterial strains and medium. M. penetrans cells (GTU-54 and isolates from France and Texas) (11) were obtained from J. Tully (National Institute of Allergy and Infectious Diseases, Bethesda, Md.). These strains had been isolated from AIDS patients and passaged less than 10 times in vitro. Upon receipt, each strain was grown in SP-4 broth (21) and frozen at Ϫ70°C. New cultures were initiated from frozen stocks.
Culture media. For the detection of hemolytic activity in culture supernatant fluids, it was necessary to remove phenol red from the SP-4 medium because the dye interfered with spectrophotometric assays. Therefore, in specific experiments, M. penetrans was grown in SP-M medium, which is a modification of SP-4 that contains 20% (instead of 17%) heat-inactivated serum and 5% (instead of 3.5%) yeast extract and lacks CMRL medium (Gibco-BRL, Grand Island, N.Y.) and phenol red. Mycoplasma cultures were incubated statically in 100 ml of SP-M or SP-4 broth in glass bottles at 37°C for 48 h, harvested by centrifugation at 12,000 ϫ g for 15 min, washed three times with phosphate-buffered saline (PBS) and used immediately or stored as cell pellets at Ϫ70°C.
Hemolytic activity on plates. Exponentially growing M. penetrans cells in SP-M broth were diluted in fresh medium to a cell density of 2 ϫ 10 3 mycoplasmas per ml, and samples (0.1 ml) were plated on SP-M agar. After 1 week of incubation, the plates were examined for mycoplasma colonies. To detect hemolysis, we overlaid individual plates with a sterile mixture of 0.75% agar in PBS (pH 7.4 and kept molten at 42°C) plus PBS-buffered RBCs at a final concentration of 2%. After 2 to 3 days, the plates were examined for hemolysis. Sheep RBCs were received from BioWhittaker, Walkersville, Md., and horse and chicken RBCs were received from Pel Freez, Rogers, Ark. Human blood was collected from a healthy donor. Since aged RBCs tended to provide variable results, RBCs were used immediately or stored at 4°C and used within 1 week of receipt.
Sample preparation for hemolytic activity. M. penetrans cultures grown in SP-M broth were centrifuged at 10,000 ϫ g for 20 min at 4°C. Cells and culture supernatants were collected aseptically at various growth stages and stored at Ϫ70°C until analyzed. To measure hemolytic activity in sonicated cell fractions, we resuspended M. penetrans cells in PBS and then subjected them to ultrasonic disruption with a Braun sonicator (three 20-s periods at 40 W with 45-s intervals on ice between periods). Unbroken cells were removed by centrifugation at 10,000 ϫ g for 15 min. PBS served as a control. Protein concentrations of mycoplasma preparations were determined using the bicinchoninic acid protein assay kit (Pierce, Rockford, Ill.).
Spectrophotometric assessment of hemolysis and hemoxidation. Hemolytic activity was determined as described by Chu and Holt (7) with the following modifications. M. penetrans cells and sonicated cellular fractions at 50 g of mycoplasma protein/100 l, or 100 l of culture-grown supernatants, were preincubated with cysteine (see Table 2 for cysteine concentrations) and then added to sheep RBCs (final concentration, 1% RBCs) in PBS. Heat-inactivated samples (100°C for 10 min) of each test preparation were used as baseline controls since heat inactivation abolished hemolytic and hemoxidative activities. Test samples were placed in a rotatory shaker (100 rpm) at 37°C for 3 h. To detect RBC lysis, we added 0.1 ml of each test mixture to 0.9 ml of PBS and subjected them to centrifugation at 1,500 ϫ g for 10 min and measurement of released hemoglobin by determination of the optical density at 405 nm in a Shimadzu UV-160 spectrophotometer. The highest dilution that demonstrated 50% hemolysis was considered 1 hemolytic unit. All reactions were performed in triplicate. To measure hemoxidation, defined as the oxidation of hemoglobin to methemoglobin, we added 0.4 ml of the same test preparations used for hemolytic activity to 1.6 ml of distilled water to lyse RBCs. Released methemoglobin was determined by measuring supernatant absorbance at 630 nm (6) . Hydrogen peroxide (30%, wt/wt) and catalase were purchased from Sigma Chemical Co., St. Louis, Mo.
RESULTS AND DISCUSSION
M. penetrans GTU-54 colonies are visible microscopically on SP-M agar plates on day 3 of incubation at 37°C, and by day 7 they can be observed with the unaided eye. At this stage, the colonies were overlaid with a mixture of sheep RBCs in molten agar. Within 2 h of incubation, an area of greening or incomplete hemolysis was evident at the leading edges of the mycoplasma colonies. Clear zones of beta-hemolysis were apparent around the colonies after 48 h (Fig. 1A) . Within 7 to 10 days, hemolytic zones began to coalesce, and eventually hemolysis of the entire plate occurred (Fig. 1B) . The observed hemolytic activity is consistent with the release and diffusion into the medium of a soluble hemolysin from mycoplasma cells. In addition, a brown precipitate formed only around individual colonies (Fig. 1B) . Since the hemolytic activity of M. penetrans was reported to be negative in an earlier communication (24) , different M. penetrans isolates were analyzed. All strains exhibited similar hemolytic zones.
The hemolytic activity of M. penetrans on sheep RBCs was compared to that on other RBC species. Hemolytic activity on horse RBCs showed a smaller zone of hemolysis after a 48-h incubation, and even smaller zones were observed with chicken RBCs. In similar experiments using human blood, pinpoint zones of hemolysis were detected ( Table 1) . The different hemolytic intensities among RBC species may explain the previously reported negative results since RBCs from different animal species vary in sensitivity to bacterial hemolysins, including Leptospira interrogans (25) , Staphylococcus aureus (4), certain Vibrio species (14, 18, 35, 36) , and Borrelia burgdorferi (34) . Concerning M. penetrans hemolytic activity, the molecular basis of the difference in RBC sensitivity is unknown. Mycoplasma penetrans hemolysin(s) may bind to specific RBC receptors, act on distinct molecules in RBC membranes, or bind to target molecules that are more abundant in sheep RBCs.
To test for cold-induced hemolytic activation, we incubated M. penetrans-RBC plates at 37°C until incomplete zones of hemolysis appeared (24 h) and then transferred selected plates to 4°C and incubated them overnight. The zones of hemolysis were not increased; however, the opaque hemolytic zones seen at 37°C cleared during cold induction, indicating an enhancement of hemolysis during the hot-cold shift (data not shown). Hemolytic activity induced by hot-cold incubation has been reported for the hemolysins of Leptospira (3, 25, 29) , the betahemolysins of Borrelia (34) and Staphylococcus (28) , and the alpha-toxin of Clostridium (32) . In these bacteria, the hemolysins are classified as phospholipase A and/or phospholipase C. Therefore, the observed cold enhancement of hemolytic activity of M. penetrans suggests a similar type of hemolysin. It has been reported that M. penetrans possesses a membraneassociated phopholipase C (26) . However, the involvement of other M. penetrans enzymes, such as proteases or additional phospholipases, in hemolysis cannot be eliminated.
Soluble M. penetrans hemolytic activity was monitored spectrophotometrically. Preliminary experiments using culture supernatants consistently yielded negative results, which conflicted with the observed diffusible hemolysis on plates. Possi- ble oxidation of the hemolysin(s) may have occurred during the manipulation of the soluble fractions. To prevent or reverse oxidative damage to the hemolysin(s), we added the reducing agent cysteine to the culture supernatant for 30 min prior to performing hemolytic assays. Under these conditions, hemolytic activity was readily demonstrable (see Fig. 3 ). In agar plates, hemolysis occurred without added cysteine, possibly due to the partial anaerobic environment that accompanies the overlay agar procedure. To further characterize hemolytic activity in M. penetrans cells, we incubated intact mycoplasmas with sheep RBCs. As expected, and in contrast to culture supernatant and sonicated cell preparations, intact cells exhibited hemolytic activity (2.98 Ϯ 0.09 U/ml) in the absence of added cysteine. However, to maximize hemolytic activity in intact cells, we added various cysteine concentrations to test samples. Preincubation of intact mycoplasmas with 6 mM cysteine for 30 min enhanced hemolytic activity more than 10-fold (Table 2) .
Increased cysteine concentrations caused a precipitation due to the reaction of cysteine with released hemoglobin (Hb). Also, the observed hemolytic activation by cysteine suggests that a sulfhydryl group(s) may be essential for hemolytic activity, as described with other oxygen-labile hemolysins including streptolysin O (16), pneumolysin (33), perfringolysin O (31), and listeriolysin O (23) . On the basis of our observations with cysteine activation, the M. penetrans hemolysin may also contain a cysteine residue that must be present in a reduced state for lytic activity. We detected differences in the hemolytic activity of intact cell preparations at various stages of the mycoplasma growth phase (Fig. 2) . For example, activity was low during the initial hours of growth and reached maximal levels at later stages (19.28 Ϯ 0.51 at 24 h) followed by decreasing values. Like intact cells, spent culture supernatant exhibited less hemolytic activity during early mycoplasma growth. However, maximal levels were observed only at stationary phase (31.63 Ϯ 1.76 at 30 h [Fig. 2]) . Furthermore, differences were detected in cellassociated and extracellular hemolytic activities, indicating that nearly two-thirds of the total hemolytic activity was associated with the culture supernatant (Fig. 2) .
It was interesting that intact or sonicated M. penetrans cell preparations caused a brown precipitate to form during a 3-h incubation with sheep RBCs (Fig. 3) . A similar precipitate was observed when spent supernatant was incubated with RBCs (data not shown). Chu et al. reported similar observations with Treponema denticola (8) . To determine whether the brown precipitate was due to Hb oxidation, we incubated sheep RBCs with spent supernatant for 3 h, pelleted and lysed the RBCs in distilled water, and analyzed the supernatant for Hb content. Heat-inactivated spent media served as negative controls. We used multiwavelength rapid-scanning spectrophotometry to measure the interconversion of spectrally distinct Hb derivatives. Spectral scans (400 to 800 nm) were recorded at fixed intervals over specified periods (Fig. 4) . Comparisons of the Hb absorption spectra of control versus treated samples show a distinct shift (interconversion) from 540 and 575 nm to 630 nm, indicating the oxidation of Hb to methemoglobin (metHb). Treatment of sheep RBCs with sonicated or intact cells also gave similar results (data not shown).
Since the formation of metHb enhances hemolysis (9), we monitored the effect of exogenous H 2 O 2 on sheep RBC lysis. 
